The recent measurement of the muon anomalous magnetic dipole moment shows 2.6σ deviation of a µ from the standard model prediction which can be explained by a charginosneutrino loop correction in the supersymmetric models. In this paper we consider extra U(1) models where the µ parameter is radiatively generated. This model predicts the sign of µ is positive in wide parameter regions. But even the 2σ constraint causes a serious contradiction to the experimental bound of the extra neutral gauge boson mass. Although a minimal supergravity scenario is ruled out, a very small window is remained as an allowed region for a no-scale model with non-universal gaugino masses.
Introduction
Supersymmetry is the most simplest solution of the gauge hierarchy problem in the standard model (SM), which is one of the main subjects of present particle physics [1] . The minimal supersymmetric extension of the SM (MSSM) predicts a desirable gauge coupling unification and may be the remnant of more fundamental theory, i.e. GUT or string theory. Another favorable feature of the MSSM is radiative electroweak symmetry breaking (EWSB). Large top-Yukawa coupling induces negative Higgs squared mass through the quantum correction at a low energy scale, which explains naturally why the electroweak symmetry is broken. Although the MSSM is the most promising extension of the SM, there remain some theoretical problems. The famous one is known as the µ-problem. The MSSM has a supersymmetric mass term µH 1 H 2 and µ must be O(M Z ) to cause an appropriate scale of EWSB. However the size of the µ scale is naively expected to be O(M GU T ) which is the fundamental energy scale of the MSSM, so we cannot explain why µ is so small. It is natural to consider the origin of the µ scale as some result of supersymmetry breaking. Otherwise, even if we have understood the smallness of the µ scale, there would remain another problem why soft breaking mass parameters and the µ scale highly degenerate.
Recently, the new measurement of the muon anomalous magnetic dipole moment (AMDM) a exp µ = 11659202(14) × 10 −10 shows that it is 2.6σ away from the standardmodel prediction a SM µ [2, 3] . It is interesting to consider this deviation as a new physics effect, especially supersymmetry (SUSY). The required SUSY contribution is 
which has a positive sign. In the case of the MSSM the dominant contribution to a
SU SY µ
comes from chargino-sneutrino loop diagrams [4, 5] . In a small chargino mixing approximation, a chargino contribution is given by [6] 
f (x) = (1 − x)
where tan β is a ratio of the vacuum expectation values (VEVs) of H 1 and H 2 . Since f (x) is a simply increasing function, a χ ±ν µ is positive for positive M 2 µ. The Brookhaven E821 experiment implies the sign of µ must be same as M 2 .
It is very interesting to examine the model which can dynamically generate both the appropriate size and the sign of µ in taking account of a SU SY µ [7] . One possibility of such a model is an introduction of a SM gauge singlet field S which replaces µH 1 H 2 by a Yukawa type coupling λSH 1 H 2 in the MSSM superpotential. If the field S develops a VEV of order 1 TeV as a result of the negative squared mass of S (m and prohibits the appearance of a problemaic massless axion. To forbid the fundamental µ-term, we must introduce discrete symmetry. This model is well known as the NMSSM. Another one is to extend a gauge symmetry of the SM. If the field S has a nontrivial charge of the extra gauge symmery, the potential of a scalar component of S is stabilized by a D-term which comes from this extra gauge multiplet. In this case, the massless axion does not apper because of the Higgs mechanism. The most simplest extension of the gauge structure is to add an extra U(1) symmetry. In this paper we consider this extra U(1) model. The extra U(1) symmetry forbids the appearance of µH 1 H 2 in the superpotential without causing the domain wall problem unlike the NMSSM. In order to introduce the extra U(1) symmetry, additional chiral fermions are needed for anomaly cancellation. Here, we confine our attention to superstring inspired E 6 models and embed the MSSM matter multiplets in a 27 representation of E 6 [8] .
In this paper we estimate the muon AMDM taking account of a constraint of the extra neutral gauge boson mass in the correct vacuum. The correct vacuum is determined as the radiatively induced minimum of the effective potential in the suitable parameter space. In this approach we use the one-loop effective potential and solve the relevant renormalization group equations (RGEs) numerically. In sec.2 we give a short introduction of the extra U(1) model and sec.3 and sec.4 are devoted to numerical analysis of the muon AMDM.
Extra U(1) models
In this section we define a µ-problem solvable extra U(1) model. The extra matter contents are determined so as to complete a 27 representation of E 6 , which are listed in Table 1 . E 6 is a rank 6 group and has two extra U(1)s in addition to the SM gauge group as its subgroup. It is decomposed as
At a TeV region only one of two independent linear combinations of U(1) ψ and U(1) χ are assumed to remain unbroken and be broken only by the VEV of S. In this paper only two extra U(1) models are considered. They are known as the η model and the ξ model and are defined by
The matter contents are given by
which can be derived from three 27s of E 6 as is shown in Table 1 : The charge assignment of extra U(1)s which are derived from E 6 . These charges are normalized as i∈27 Q 2 i = 5 [11] .
coupling unification in the MSSM. To preserve the unification we must add extra chiral multiplets to these in the form of vector representation (H 
where g i andḡ i stand for the extra color triplet chiral superfields. We neglect the first and the second generation Yukawa couplings except for the one including g andḡ in Eq. (6) . Since the coexistence of Eq. (7) and Eq.(8) induces rapid proton decay at an unacceptable rate, only one of them can exist. The model with Eq. (7) and the model with Eq. (8) correspond to diquark and leptoquark model, respectively. Generally these couplings λ i are stringently constrained by electroweak rare processes [9] . The existence of multi-generation extra fields brings an ambiguity in Eq. (6) . The coupling λ and k can have generation indices for extra fields such as S, H 1 , H 2 , g and g. On this point we make the following assumption, for simplicity. For S i and H GeV and M string ∼ 4 × 10 17 GeV can be solved. However we are not concerned with this problem and assume simplyμ is at the weak scale. As this term does not play an essential role in our analysis, it will be omitted below.
In this model, there are three new contributions to the muon AMDM. The first one is a Z ′ exchange and the second one is a leptoquark (g,ḡ) exchange. The extra neutral gauge boson gives a small contribution [3] 
which is difficult to be observed for the collider constraint of m Z ′ (m Z ′ > 600 GeV). The leptoquark contribution is argued in [12, 13] . For the large Yukawa couplings λ 8,9 ∼ O(10 −1 ), this gives a sizable contribution to the muon AMDM. In this paper we donot consider this effect, for simplicity. The third contribution comes from the extra U(1) gaugino and the fermion partner of S and we inculde them in the neutralino contributions (see appendix A). 1 If we add λ k S k H 1 H 2 to Eq.(6), the fermion components of S k become massive through the mixing with the usual higgsino. But λ k must be very large (∼ O(1)) to generate a phenomenologically acceptable mass.
Minimal supergravity case
Soft supersymmetry breaking parameters are introduced as
where the first two terms are mass terms of the scalar component φ i of each chiral supermultiplet and of gauginos λ a . The last term is a scalar triliner coupling. We use the same notation for the scalar component as the one of the chiral superfield. In the minimal supergravity scenario, the values of soft breaking parameters at the GUT scale are given by
where A i = y i a i . It is not so easy to find the phenomenologically favorable potential minimum under completely universal soft breaking parameters because the µ is not a free parameter unlike the MSSM. To solve the potential minimum condition exactly, we allow the non-universality in the region 0.9 < m i /m 0 < 1.1 among soft supersymmetry breaking masses of Higgs scalars. Such a small non-universality does not change the mass spectrum significantly and may give almost the same result as a perfectly universal case.
In our considering models the tree level scalar potential including the soft supersymmetry breaking terms can be written as
where Q 1 , Q 2 , and Q S are the extra U(1) charges of H 1 , H 2 and S, respectively. The third line is a D-term contribution of the extra U(1) and g X stands for its gauge coupling constant. If we replace λS and a λ with µ and B and put g X = 0, this potential becomes the same as the one of the MSSM. Since we can take < H 1 > and < H 2 > positive without loss of generality, it is obvious that the global minimum of the scalar potential is in a positive a λ λS region. The RGEs of the soft breaking parameters are geven in appendix B. The sign of a λ and µ are always positive in natural parameter region at the GUT scale for reproducing a realistic vacuum, i.e. unbroken SU(3) c × U(1) em . The reason for this is as follows. In the present extra U(1) model, the β-function of SU(3) c gauge coupling is equal to zero, so it always takes a large value from M Z to M GU T unlikely the MSSM. The stronger SU(3) c gauge coupling makes gluino contribution dominant in RGEs of a t and a k and drives them to negative. Then the negative a t and a k change the sign of β-function of a λ negative which forces a λ take positive before the electroweak scale is reached [7] . Finally, the potential minimum condition forces µ to take same sign as a λ and the gluino mass. However, even if we take A 0 to be dominant in the RGEs, this scenario does not change. As long as A 0 is not much larger, the dominant a t,k contributions drive themselves to zeros, and the gluino dominant condition is again satisfied. To conclude, the present extra U(1) models predict the positive µ and the positive a SU SY µ . Potential minimum condition for Eq.(11) can be written as,
where v 1 , v 2 and u are the VEVs of H 1 , H 2 and S, respectively. In the extra U(1) models the value of u can be constrained from bellow by the experimental bounds on the mass of this extra U(1) gauge boson and its mixing with the ordinary Z 0 , so that we must asuume u ≫ v 1 , v 2 . The experimental constraint of tha extra U(1) gauge boson mass is discussed in [14] . In this paper we donot consider the detail structure of the Z − Z ′ mixing, for simplicity. The third line of Eq.(12) determines the VEV of S such as
and the second line determines the weak scale as
where the large tan β approximation should be understood. This condition constrains the allowed range of λ(M S ) and µ ef f severely. The first line of Eq. (12) is written as
which can be consistent with the large tan β solution as far as m degenerate due to the same RGE evolution [15] . However, the degeneracy between m 2 1 and m 2 2 makes v 2 /v 1 small at the scalar potential minimum. In this way, the moderate tan β solution is favored for the extra U(1) models (Too large tan β solution is disfavored).
For more precise estimation, we must take account of the radiative correction to the potential, as it may make a sizable contribution mainly due to the heavy stops. It is well-known that the one-loop contribution to the effective potential can be written as
where M 2 is a matrix of the squared mass of the fields contributing to the one-loop correction and Λ is a renormalization point which is taken as M S (= 1T eV ). In the case of the MSSM, this one-loop correction is dominated by top and stop contributions because of their large Yukawa coupling and the other fields are irrelevant. In the study of the extra U(1) models k is rather large and then we should also take account of the effect on M 2 from the extra colored chiral superfields g andḡ. Mass matrices of these and another sparticles are given in appendix C.
Taking account of experimantal constraints, we get phenomenologically allowed regions of the parameter space, which are given in the form of mass bound as [16] ,
where the mass of Z ′ boson is written by
The explicit formulas of the masses of neutral and charged Higgs bosons are given in our previous work [11] . These mass spectra are mainly governed by m 0 and M M 3 ∼ 0.3M 3 > 72 GeV from the gaugino mass unification relation:
where k Y is Kac-Moody level of U(1) Y , then the gluino mass bound is trivially satisfied. For dimensionless parameters we investigate the parameter region such as
where the value of tan β is given at M Z . At M Z we convert the running masses of tau and bottom to the tau and bottom Yukawa couplings by
where v = 175 GeV. Using these initial conditions of gauge and Yukawa couplings they are given at M Z by [17] α Y (M Z ) = 0.01698,
We run them from M Z to M top with the RGEs for the SM. At M top , we define the topYukawa coupling by
wherem pole = M top = 175 GeV. Finally we run them from M top to M S with the RGEs for the two Higgs doublet model [18] ,
from which we get initial conditions of dimensionless couplings at M S . For soft supersymmetry breaking parameters we give them at M GU T by
where these are given by a TeV unit and the gluino mass lower bound is taken acount of previously 3 . Out of these parameter regions it is difficult to satisfy the potential minimum condition. For fixed values of the Yukawa couplings, the parameter set (m 0 , A 0 , M1 2 ) has the only one degree of freedom since they are imposed by two constraints from Eq. (12) . So the SUSY breaking scale is represented by only one of them, we take it as m 0 . In order to improve the one-loop effective potential we use two-loop RGEs for Yukawa and gauge coupling constants and soft scalar masses and one-loop ones for A-parameters and gaugino masses from M GU T to supersymmetry breaking scale M S [19] . We evaluate the chargino and neutralino contributions to the muon AMDM based on the known formula for the MSSM as given in appendix A. The results are shown in Fig.2 . With universal soft breaking terms, the allowed region never enters inside the 1σ bound 27 < a SU SY µ < 59 (×10 −10 ) either for the η model or the ξ − model. This does not change even in the case where the large tan β enhancement exists. Although there are new contributions from an extra U(1) gaugino and a new singlet fermionS, since neutralino contributions are always small due to small mixing angle of smuon eigenstates, they do not play essential role [5] . The main obstacle of inducing the large a SU SY µ is due to the chargino mass lower bound because the potential minimum condition favors the small gluino mass. It is shown in Fig.3 that the chargino mass constraint is sronger than the one of extra neutral gauge boson mass. In the case of larger m 0 , sneutrino becomes heavier and suppresses a SU SY µ more strongly. On the other hand, in the smaller m 0 case, the chargino mass bound excludes the wider region of the parameter space. In conclusion, the minimal supergravity scenario is ruled out by the muon AMDM constraint at the 1σ level if we take account of only the chargino and neutralino loop effects. The 2σ bound 11 < a SU SY µ < 76 (×10 −10 ) gives the upper mass bound of extra neutral gauge boson about 600 GeV for the η model. However, the ξ model is excluded even at the 2σ level.
Because of the above argument, it is interesting to consider the case without the gaugino mass universality in order to escape from the chargino mass constraint. But if we allow the gaugino mass non-universality, there is no reason why the non-universality of soft scalar masses and scalar trilinear couplings are forbidden. Although such a general non-univeasal case is interesting, in that case we must take care of the FCNC constraints and must invoke some FCNC suppression mechanism, which is out of our present scope. 
No-scale boundary condition with non-universal gaugino masses
In order to escape from the FCNC consideration, here we choose the no-scale type boundary condition (m 0 = A 0 = 0) with the non-universal gaugino masses [20, 21] ,
where we allow the non-universality among Higgs soft scalar masses in the region |m i | < 100 GeV as argued in previous section. It is well known that there is a dangerous U(1) em breaking minimum due to the tachyonic slepton mass in some parameter space of the no-scale model. In the case of the extra U(1) models, the large D-term contribution from an extra U(1) gauge multiplet is important. In the η model,b R ,τ L ,ν τ L ,g andg c get negative squared mass contribution from a D-term. On the other hand, onlyg andg c get negative squared mass contribution in the ξ − model. But in the both models, a right handed stau gets a large positive squred mass contribution unlikely in the case of the MSSM. Taking account of the RGE evolution effect, the values of soft scalar masses at M S are given by using gaugino masses as follows,
where we took tan β = 10, k = 0.6 and λ = 0.3 and used the η-model RGE given in appendix B. Because of the large gluino mass contribution there is no problem against the color breaking minimum, so the color and charge conservation conditions are always satisfied in the ξ − model. However, it is not always the case for the η model because of the negative D-term contribution to the slepton mass. From the other point of view, this might be seen as a chance for the η model to enhance a SU SY µ by the light sneutrino. Another problem in the no-scale model is the charged LSP [21] . In the extra U(1) models, since there is another serious problem the superpartners of S (1) and S (2) are massless as noticed previously, it is rather easy to make a LSP neutral.
Recently the experimental lower bound of Higgs boson mass is raised to about 113.5 GeV, this constraint is nontrivial for the no-scale model. In order to induce such a large Higgs mass, we need a large stop loop contribution, but it is difficult for the no-scale model. In the case of the extra U(1) model the tree level lightest Higgs boson mass at the large tan β limit is given by and m Z ′ are highly correlated. In order to satisfy the potential minimum conditions, the values of a λ is very important. In the large tan β region, Eq.(15) requires the small a λ . The a λ is given by
which needs a large cancellation between M 20 and M 30 to make a λ small. Due to such a fine tuning structure of the scalar potential, in the large tan β case, the phenomenologically allwed region shrinks significantly into the (λ, k) plane as shown in Fig.3 . In this way M 20 is never used for tuning of the sneutrino mass, the enhancement of a SU SY µ due to the small sneutrino mass does not occur. So a SU SY µ depends only on the typical supersymmetry breaking scale i.e. m Z ′ . 4 As shown in Fig.4 , both the Z ′ mass bound m Z ′ > 600 GeV and the muon AMDM 2σ bound are satisfied only in a very narrow range of the (a µ , m Z ′ ) plane for tan β = 20.
Since the no-scale condition is too strong to satisfy the experimental bound of m Z ′ , we allow to add the universal scalar mass (m 0 = 200, 400 GeV) without asking its origin. Here we allow the non-universality of Higgs soft scalar masses as |m i − m 0 | < 50 GeV. In this case m Z ′ becomes large enough but the muon AMDM 1σ bound excludes almost all parameter region that has been allowed if we would not take account of this new constraint. It is obvious from Fig.4 and Fig.5 that the larger the m 0 is the weaker the 4 In the extra U(1) models, since two parameters µ and mν in a Z ′ seems to be saturated around 900 GeV in both models.
Summary
We have estimated the allowed region of the extra neutral boson mass in taking account of the new measurement of the muon AMDM in the µ-problem solvable extra U(1) model. We focussed our attention only on the chargino-sneutrino and neutralino-smuon contributions to a SU SY µ . Another exotic contribution from leptoquark exchange was neglected. Although such a loop contribution needs the enhancement either due to the large tan β or the light sneutrino as in the case of the MSSM in order to explain the muon AMDM data, the allowed parameter region of the extra U(1) model shrinks significantly as compared to the MSSM. The reason is that the large tan β solution is allowed only in a very narrow region of the (λ, k) plane and the light sneutrino solution contradicts the phenomenological constraint on the extra neutral gauge boson mass or the chargino mass.
In the case of the minimal supergravity, in order to preserve the hierarchy such as u ≫ v 1,2 and v 2 ≫ v 1 against the quantum correction, the light gluino solution is favored. Due to the gaugino mass universality, this requires lighter chargino so that the chargino mass lower bound is more stringent. Because of these obstacles, the minimul supergravity scenario is excluded by the muon AMDM constraint.
In the case of the non-universal gaugino mass, the chargino mass constraint disappears in the large M 20 region. Thus the small window is still remained for a no-scale model. Because of the strong correlation between m Z ′ and a
SU SY µ
in the extra U(1) models, we can expect to get a new information on the upper bound of m Z ′ from the further improvement of the (g − 2) µ measurement.
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A Notations
In this paper, we use the following superpotential:
and the soft SUSY breaking terms:
In this notation, any term in the RGEs of a i apper with same sign [7, 19] . The muonchargino and the muon-neutralino interactions are described by
and the chargino and the neutralino mass terms are given by
2 )
where the six components of the neutralino χ 0 and the charginow ± are defined as
More general case in which the neutralino mass matrix includes the U(1) gauge kinetic term mixing effect is argued in [22] . Interaction terms are
L N =μ[P R {y µμRH
where P L = (1 − γ 5 )/2 and P R = (1 + γ 5 )/2. We can diagonarize the mass matrices M χ ± ,M χ 0 and M 2 µ by unitary matrix U χ ± , U χ 0 and Uμ as 
respectively. In this base the muon-chargino and the muon-neutralino interaction terms are rewritten as
where we redefined the superfield as H 
C Sfermion spectrums
In our notation, a sfermion mass matrix is given by y τ v 1 (a τ − λu tan β) y τ v 1 (a τ − λu tan β) m
